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ABSTRACT
We monitored the z = 0.158 quasar 3C273 between 2015 and 2019 in the optical (BV rz) and
near-infrared (NIR, JHK) with the aim to perform dust reverberation mapping. Accounting for
host galaxy and accretion disk contributions, we obtained pure dust light curves in JHK. Cross
correlations between the V -band and the dust light curves yield an average rest-frame delay for the
hot dust of τcent ∼ 410 days. This is a factor 2 shorter than expected from the the dust ring radius
Rx ∼ 900 light days reported from interferometric studies. The dust covering factor (CF) is about 8%,
much smaller than predicted from the half covering angle of 45◦ found for active galactic nuclei (AGN).
We analyse the asymmetric shape of the correlation functions and explore whether an inclined bi-conical
bowl-shaped dust torus geometry could bring these findings (τcent, Rx and CF) into a consistent picture.
The hot varying dust emission originates from the edge of the bowl rim with a small covering angle
40◦ < θ < 45◦, and we see only the near side of the bi-conus. Such a dust gloriole with Rx = 900±200 ld
and an inclination 12◦ matches the data remarkably well. Comparing the results of 3C273 with
literature for less luminous AGN, we find a lag–luminosity relation τ ∝ Lα with α = 0.33 − 0.40,
flatter than the widely adopted relation with α ∼ 0.5. We address several explanations for the new
lag–luminosity relation.
Keywords: Active galactic nuclei (16), Reverberation mapping (2019), Quasars (1319), Photometry
(1234)
1. INTRODUCTION
The quasar paradigm comprises a supermassive black
hole (SMBH), a central X-ray source, an accretion disk
(AD), surrounded by a broad line region (BLR), and
a molecular dusty torus (TOR) farther out. The three
components AD, BLR and TOR may have smooth tran-
sitions between each other rather than being separated
entities with sharp boundaries. Of particular interest
here is the 3-dimensional geometry of the central region
and the three components.
As the inner quasar regions cannot be resolved by con-
ventional imaging techniques, reverberation mapping
(RM) is the main tool of the trade (Bahcall et al. 1972;
Cherepashchuk & Lyutyi 1973; Gaskell & Sparke 1986;
Peterson 1993; Horne et al. 2004). RM traces the de-
layed response of irradiated regions to the light fluctu-
ations of the continuum emission from the inner AD.
As a first approximation, the size of the irradiated re-
gion can be inferred from the time lag τ . This way,
near-infrared (NIR) RM studies of the dusty torus find
a radius Rτ = c · τ (Clavel et al. 1989; Suganuma et al.
2006).
1.1. The size - luminosity relation
A remarkable finding is the relation between the re-
verberation based size, Rτ , and the AGN luminosity,
L, with Rτ ∝ L
α and α ≈ 0.5 (Suganuma et al. 2006;
Gaskell et al. 2007; Koshida et al. 2014; Minezaki et al.
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2019). Such a relation with α ≈ 0.5 has been expected,
if the hot NIR emitting dust is located in a simple
equatorial geometry and Rτ measures the dust subli-
mation radius, Rsub, inferred from the UV luminosity
(Barvainis 1987). This relation may hold the key for
cosmological applications to measure quasar distances
and to check for dark energy (Kobayashi et al. 1998;
Oknyanskij 1999; Yoshii 2002; Yoshii et al. 2014; Ho¨nig
2014). However, Rτ is about 3 times smaller than Rsub
(Kishimoto et al. 2007; Koshida et al. 2014). This sug-
gests that internal effects like from the 3-dimensional
dust geometry or from a reduced heating of potentially
shielded dust clouds (Gaskell et al. 2007) need to be bet-
ter understood, before cosmological implications from
the R− L relation should be drawn.
Before we address such effects, we note that a similar
R − L relation had been found between the size of the
broad line region (BLR) and the AGN luminosity: in
the first observational estimate of the R-L relationship
Koratkar & Gaskell (1991a) found a slope α = 0.33±0.2
for C IV. Subsequently, for Hβ Kaspi et al. (2000) re-
port α = 0.7 ± 0.03 and then Bentz et al. (2013) af-
ter correction of the host galaxy contribution refined
this slope to α = 0.533 ± 0.034. One more piece to
the puzzle was added by Du et al. (2016) reporting for
AGN with high accretion rates a shallow slope α ≈
0.3. Possible explanations for that have been consid-
ered, involving the ionisation parameter (Czerny et al.
2019). Notably, nearly half a century ago Dibai (1977)
used the Stro¨mgren-type argument and a value of α =
0.33 for calculating the first single-epoch AGN black
hole masses, which agree remarkably well with the lat-
est reverberation based estimates (Bochkarev & Gaskell
2009).
1.2. The torus structure
Interferometric K−band measurements with
the KECK interferometer (Kishimoto et al.
2009, 2011) and the VLTI/Gravity instrument
(GRAVITY Collaboration et al. 2019) resolved the in-
nermost dusty structure of 15 AGN (8 with KECK,
8 with VLTI, and 3C273 in common). The effec-
tive ring radii Rring derived from the observed visi-
bilities scale roughly with the AGN luminosity L1/2,
but the GRAVITY Collaboration et al. (2019) report
a relative size decline in the two highest luminosity
AGN. For AGN with available K−band reverbera-
tion measurements, Rring is, on average, larger than
Rτ . Kishimoto et al. (2011) suggested that the inter-
ferometric measurements at least partly resolve the
dust sublimation zone, and that the ratio r = Rring/Rτ
yields information on the compactness (r ≈ 1) or extent
(r > 1) of the hot dust distribution. For the entire sam-
ple, however, Rring is systematically smaller than Rsub.
To match Rring with Rsub, Kishimoto et al. (2007, 2009)
suggested that the dust grain sizes are larger or that
the central engine radiation is significantly anisotropic.
Kawaguchi & Mori (2010, 2011) proposed a bowl-
shaped dust torus which smoothly continues into the
central AD. In their model, the AD emission is
anisotropic, being highest toward the polar region and
lowest toward the equatorial region. The anisotropy of
the AD emission controls the angle-dependent dust sub-
limation radius and thus the concave rim of the bowl,
allowing for parts of the dust to lie closer to the AD
than Rsub calculated from the luminosity towards the
polar direction. Despite attractive features, however,
this model needs to be expanded to account for the in-
fluence of the BLR onto the entire system (Goad et al.
2012).
For the well studied Seyfert-1 galaxy NGC5548,
Gaskell et al. (2007) have analyzed the AGN energy
budget and derived crucial constraints on the geome-
try of the BLR and the dust torus: the BLR has a likely
covering factor about 40%, which translates to a half
covering angle θ ≈ 25◦, as measured from the equato-
rial plane. The BLR shields a substantial fraction of the
dust torus from direct illumination by the AD, allowing
for the observed relatively small (<20%) NIR contribu-
tion to the AGN energy budget.
Goad et al. (2012) combined the findings by
Gaskell et al. (2007) and Kawaguchi & Mori (2010,
2011) into a BLR-TOR system confined by a
paraboloidal bowl-shaped torus rim where the BLR
clouds lie close to and above the rim (their Fig. 1). The
observer sees only the emission from the near side of the
bi-polar bowl. The BLR clouds shield part of the dust
from the AD radiation at θ . 40◦, so that the hot dust
emission arises essentially from the top rim of the bowl
at 40◦ < θ < 45◦. Goad et al. (2012) tested their model
with reverberation data of NGC 5548.
Based on high-cadence dust RM observations of the
Sy-1 WPVS48, Pozo Nun˜ez et al. (2014) found an ex-
ceptionally sharp NIR echo, which led them to favour
that the varying hot dust is essentially located at the
edge (40◦ . θ . 45◦) rather than along the entire
bowl rim which crosses a large range of iso-delay sur-
faces. In a slightly generalized view Oknyansky et al.
(2015) proposed that the hot dust emission comes from
the near side of a hollow bi-conical outflow which is co-
spatial with the iso-delay paraboloids, a case requiring
that the inclination to the line-of-sight is small. Based
on observations of the Sy-1 galaxy 3C 120, with a jet
inclination i ∼ 16◦, Ramolla et al. (2018) found that
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the hot dust echo is relatively sharp and symmetric in
contrast to the more complex broad Hα echo. This is
consistent with a paraboloidal bowl model where the
BLR is spread over many iso-delay surfaces, yielding the
smeared and structured Hα echo as observed, while the
hot dusty bowl-edge matches a relatively narrow range
of iso-delay contours. The important feature of such a
gloriole-like dust emission is the geometric foreshorten-
ing effect of the reverberation signal, because the dust
lies above the equatorial plane and closer to the observer.
While such structure studies have been performed for
Seyfert galaxies, i.e. low luminosity AGN, they should
be extended to higher luminosity quasars, in order to
recognize luminosity-dependent trends.
1.3. 3C 273
3C273 at z = 0.158 is the most luminous nearby
quasar and may serve as a bench mark for any
luminosity-dependent relations. 3C273 is the brightest
quasar making it an ideal target for observations of any
kind.
Based on their 7 years long RM campaign Kaspi et al.
(2000) determined rest frame Balmer line lags of
τ(Hα) = 443d, τ(Hβ) = 330d and τ(Hγ) = 265d
versus the B−band; here τ is the centroid of the interpo-
lated cross correlation function. Kishimoto et al. (2011)
and GRAVITY Collaboration et al. (2019) reported a
dust ring radius of R ∼ 900 ld inferred from interfer-
ometric K−band measurements.
Yet, to our knowledge, no dedicated dust reverbera-
tion mapping campaign of 3C 273 has been performed.
Fortunately, Soldi et al. (2008) have collected all pub-
lished photometry of 3C273 of the past 50 years in the
ISDC1, Geneva, adjusted the photometry from different
telescopes, removed flares, selected the best data. Cross
correlating the JHK with optical and UV light curves,
they derived a rest frame dust lag of τ(K) ∼ 1 ± 0.2
years. An important part of these data are the light
curves obtained by Neugebauer & Matthews (1999) at
the 5m Palomar Hale telescope between 1974 and 1998,
using a single-element InSb photovoltaic detector and
chopping/nodding technique to remove the effects of the
sky emission; as described by Soldi et al. these data
unfortunately were not available in tabulated form but
extracted from the figure.
Remarkably the dust lag (365 d) is shorter than the
Hα lag (443d), a fact which at first glance suggests the
dust torus to be smaller than the BLR, hence appears
in contradiction to the AGN unified scheme (Antonucci
1 http://isdc.unige.ch/3c273/
1993). This led us to embark on a dedicated reverbera-
tion campaign of 3C273, and we here report on the re-
sults of the dust reverberation, a re-analysis of Soldi et
al.’s data, a comparison with bowl-shaped models and
the interferometric measurements, and the impact on
the lag–luminosity relation.
Section 2 describes the observations and data. Section
3 shows the light curves, the determination and subtrac-
tion of the host galaxy and the contribution of the AD
to the NIR light curves, the properties of the varying
dust emission, the dust time lag and the derivation of
the dust covering factor. Section 4 considers the RM re-
sults in the framework of a bowl-shaped TOR geometry
using the additional constraints of the interferometric
size and the small dust covering factor. Section 5 dis-
cusses the findings and implications. Section 6 provides
a summary and conclusions. Throughout this paper we
adopt Ωm = 0.27, Ωv = 0.73 and H◦=73km s
−1Mpc−1
yielding an angular-size distance of 546Mpc (luminosity
distance of 734Mpc) for 3C 273.
2. OBSERVATIONS AND DATA REDUCTION
3C273 was observed between April 2015 and June
2019 with semi-robotic optical and NIR telescopes of
the Bochum University Observatory near Cerro Arma-
zones (OCA)in Chile2 (Ramolla et al. 2016). The op-
tical telescopes used are: the 40 cm Bochum Monitor-
ing Telescope, BMT (Ramolla et al. 2013); the 15 cm
Robotic Bochum Twin Telescope ROBOTT (formerly
named VYSOS6, for short V6) (Haas et al. 2012); the
25 cm BEST-II (Kabath et al. 2009) and the 80 cm in-
frared telescope IRIS (Hodapp et al. 2010).
Typically 10− 20 dithered images were taken per fil-
ter and night and later combined. All images were re-
duced by the corresponding instrumental data reduction
pipelines (dark, bias and flat correction). Astrometric
matching was performed with Scamp (Bertin 2006). Be-
fore stacking multiple exposures, they were resampled
onto a common coordinate grid with 0.′′75 pixel size
using Swarp (Bertin et al. 2002); the seeing has typi-
cally a point spread function of ∼ 3′′ FWHM. The pho-
tometry is performed on combined frames with a fixed
7.′′5 aperture found to be the optimum in our previous
studies, e.g. (Haas et al. 2011; Pozo Nun˜ez et al. 2014;
Ramolla et al. 2018).
The light curves were created using 5 − 10 nearby
(< 30′) calibration stars. The optical and NIR absolute
flux calibration was performed by comparison with the
PANSTARSS and the 2MASS catalog respectively, also
2 https://en.wikipedia.org/wiki/Cerro Armazones Observatory
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Table 1. Parameters of the 5 years monitoring campaign of
3C 273. Filters, effective wavelengths λeff , zero mag flux f0,
average flux and number of light curve data points (observed
nights).
Filter λeff [µm] f0 [Jy] avg.Flux [mJy] Obs.nights
B 0.433 4266.7 23.04± 1.39 109
V 0.550 3836.3 24.34± 1.12 119
r 0.623 3631.0 23.42± 1.41 128
z 0.906 3631.0 24.59± 1.57 78
J 1.24 1594.0 30.09± 0.92 44
H 1.65 1024.0 41.38± 1.99 24
K 2.16 666.7 76.71± 3.42 77
airmass dependent extinction (Patat et al. 2011) and
Galactic foreground extinction (Schlafly & Finkbeiner
2011) corrections were applied. A summary on the fil-
ters (their effective wavelength and zero flux), the aver-
age flux of 3C 273 and total number of observing nights
is listed in Table 1.
The time sampling of our light curves is quite coarse,
typically with median about 4 − 7 d but only over a
few months per year. Since 3C273 is bright and is
nearly daily monitored in the B, V bands by AAVSO3
we planned to use these light curves if necessary. For-
tunately, Zhang et al. (2019) kindly sent us their more
comprehensive optical light curves (median ∼1 day) be-
tween 2008 and 2018, and we used these light curves
in addition to ours for the scientific analysis, e.g. cross
correlations and modeling.
3. RESULTS
3.1. Optical and near-infrared light curves
Figure 1 shows the optical and NIR light curves of
3C273. In all optical filters BV rz (open circles) the
variations show the same pronounced features: between
the years 2015 and 2016 the flux increases by about 20%,
then it decreases by 20− 25% during two years until be-
gin of 2018 where it starts to increase again by about
10% towards mid of 2019. For the NIR light curves of
3C273 (open triangles): the variations in J resemble
those in the optical light curves but in H and K they
differ. The flux in J increases between 2015 and 2016
but not as pronounced as in the optical bands, and then
it decreases until 2019. For H and K the trend is differ-
ent: instead of a flux increase between 2015 and 2016,
a decrease is observed. Then the K−band shows an
increase towards 2017 and a decrease thereafter. Un-
3 https://www.aavso.org/
fortunately there was no useful J and H data collected
in 2017. The difference between JHK suggests that at
least in J the light curve is strongly contaminated by
the accretion disk, while in K the hot dust emission
may dominate; H looks like an equal mixture of AD
and dust emission. To obtain the pure JHK dust light
curves, the contribution of host galaxy and AD to the
NIR bands has to be removed (Sect. 3.2).
Depending on the telescope availabilities, the light
curves of some filters were obtained with different
telescopes (BMT, BEST-II, ROBOTT). We checked
for telescope-dependent differences between the light
curves. We found that any differences are smaller than
1 − 2%, and that they are due to an additive offset
which increases with the native camera pixel size (0.′′8 for
BMT, 1.′′5 for BEST-II, 2.′′4 for ROBOTT). This depen-
dence likely comes from a larger host galaxy contribution
when the camera has larger native pixels, despite the re-
sampling to a common pixel size of 0.′′75 (see Sect. 2).
We corrected for the flux offsets between BMT, BEST-
II, ROBOTT and scaled the flux to that of the BMT;
we note that the inter-telescope corrections were small
so that the results, e.g. on the variability features, are
essentially unchanged. Figure 2 shows the V−band light
curve (after offset correction) plotted with different sym-
bols for the three optical telescopes. In addition, grey
circles show the V−band light curve from the 10 years
monitoring campaign by Zhang et al. (2019). This light
curve was essentially obtained with 1.5−2.5m class tele-
scopes. Both ours and Zhang’s light curves match ex-
cellently within the scatter; the scatter at a given short
time interval (∼100 d) likely marks the true photomet-
ric light curve uncertainty. It is similar (∼1%) for both
light curves.
Our light curves are made available in a Journal On-
line Table, having five columns: (1) Filter, (2) Telescope,
(3) MJD, (4) Flux [mJy], and (5) Flux error [mJy].
3.2. Construction of the pure dust light curves
To construct the pure dust light curves, we determined
the host galaxy brightness in the optical and extrapo-
lated it to the NIR via model SEDs. Likewise, we deter-
mined the AD brightness in the optical and extrapolated
it to the NIR via a power-law (Kishimoto et al. 2005,
2008). The pure dust light curves are then obtained
from the observed NIR light curves after subtraction of
the NIR host and AD contributions.
3.2.1. Host galaxy
Based on HST imaging Bahcall et al. (1997) found
that 3C 273 has an elliptical host galaxy with mor-
phology type E4 and from off-nucleus spectroscopy
Wold et al. (2010) found a contribution of about 14%
Dust Reverberation Mapping of 3C273 5
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Figure 1. 3C273 normalized light curves: BV rz represented as circles and JHK as triangles. All optical filters show the same
pronounced variation features: a 20% flux increase between 2015 and 2016, followed by a softer flux decrease of almost 20%
until begin of 2018, and again an increase of 10% towards 2019. For the NIR, note the decrease between 2015 and 2016 in H
and K in contrast to the increase in J , suggesting that at least in J the light curve is strongly contaminated by the accretion
disk, while in K the hot dust emission dominates; H looks like a mixture of AD and dust emission.
young stellar population and derived a rest frame host
galaxy color B − V = 0.77.
With these constraints at hand, we constructed a rest-
frame host SED template for 3C273 based on the colors
of an elliptical host galaxy, as determined for UBV by
Fukugita et al. (1995), for Sloan gri filters and JK fil-
ters by Chang et al. (2006), and for 2MASS JHKs and
Spitzer/IRAC filters by Jarrett et al. (2019). Because
of the presence of young stars (Wold et al. 2010), we
used slightly bluer colors UBV and r− i and r− J and
a slightly shallower 1.6µm bump. Figure 3 shows the re-
sulting SED template. It is then fit by a spline function
(black solid line) and the spline function is shifted to the
redshift z = 0.158 of 3C 273 (red solid line). Then we
sampled the redshifted spline function at the observed
wavelengths of interest (filled black star symbols) and
derived the host flux ratios B/V and r/z in the ob-
server’s frame for use in the Flux Variation Gradient
(FVG) analysis.
To estimate the host contribution in our data, we
applied the FVG method proposed by Choloniewski
(1981), further established by Winkler et al. (1992)
and Sakata et al. (2010), and successfully applied
by, e.g., Haas et al. (2011), Pozo Nun˜ez et al. (2014),
Ramolla et al. (2018). In this method, for two filters
e.g. B and V , the B and V data points obtained in
the same night through the same apertures are plotted
in a B vs. V flux diagram (Figure 4). The important
feature is that the flux variations follow a linear relation
with a slope Γ given by the host-free AGN continuum.
In the flux-flux diagram the host galaxy – including the
contribution of line emission from the narrow line region
(NLR) – lies on the AGN slope somewhere toward its
fainter end. With knowledge of the host colors, i.e. the
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Figure 2. V−band light curve plotted with different
symbols for the three optical telescopes (BMT, BEST-II,
ROBOTT=V6). The data match with each other and with
the more comprehensive light curve obtained until March
2018 by Zhang et al. (2019), plotted with grey dots.
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Figure 3. Construction of the 3C273 host SED, based on
colors for an elliptical galaxy with 14% flux contribution from
a young stellar population: open diamonds (Fukugita et al.
1995; Wold et al. 2010), open squares Chang et al. (2006)
and Jarrett et al. (2019). In the rest frame, the black solid
line depicts a spline function fitted to the open symbols. The
red line shows the spline shifted to the redshift of 3C 273
whereby the red dots correspond to the open symbols in the
rest frame spline. The flux scaling of the template is de-
scribed in the text (Sect. 3.2.1). The black filled stars on the
red line mark the predicted observed fluxes in the filters of
interest with values as labelled.
host flux ratios B/V and r/z, the FVG analysis yields
the intersection of the AGN slope (blue lines in Figure 4)
with the host slope (red dotted lines in Figure 4) and
thus the host fluxes in the four filters BV rz marked by
green stars in Figure 4 and listed in Table 2. Then the
0 5 10 15 20 25 30
V Flux [mJy]
0
5
10
15
20
25
30
B 
Fl
ux
 [m
Jy
]
ΓAGN, BV = 1.08±0.03
Ellip. Host Galaxy
0 5 10 15 20 25 30
z Flux [mJy]
0
5
10
15
20
25
30
r 
Fl
ux
 [m
Jy
]
ΓAGN, rz = 1.10±0.05
Ellip. Host Galaxy
Figure 4. B/V and r/z flux-flux diagrams. Black crosses
indicate the matched fluxes for every night with their errors,
blue lines the AGN slope ± error and the red dotted lines
mark the host flux ratios for an elliptical galaxy derived from
the SED in Figure 3. The derived BV rz host fluxes are
plotted as a green star.
host SED template in Figure 3 is shifted vertically to
fit the BV rz host fluxes. Finally this SED allows to
extrapolate the JHK fluxes of the 3C273 host for our
apertures. The values are listed in Table 2. Compared
with the total JHK fluxes (Table 1) the host contributes
between about 30% in J and 15% in K.
3.2.2. Accretion disk
To estimate the spectrum of the AD in BV rz, we sub-
tracted the host contribution (Table 2) from the mean
total fluxes (Table 1). The result is shown as blue
squares in Figure 5. The power law fit to the BV rz
data points yields Fν ∼ ν
α, with α = 0.34 ± 0.06, in
agreement with the spectral index α = +1/3 found by
Kishimoto et al. (2008) for six quasars. Their study of
the NIR component of the AD as seen in polarized light
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Table 2. 3C273 average host, AD and dust fluxes in mJy,
⋄ = host extrapolation (Figure 3),
∗ = power law AD extrapolation (Figure 5).
Filter Host AD Dust
B 1.00±0.1 22.04± 1.39 –
V 3.00±0.3 21.34± 1.12 –
r 4.00±0.3 19.42± 1.41 –
z 7.30±0.3 17.29± 1.57 –
J 8.87±0.5⋄ 15.57±0.85∗ 5.65±0.92
H 10.12±0.5⋄ 14.05±1.05∗ 17.21±1.99
K 10.01±0.5⋄ 12.86±1.15∗ 53.85±3.42
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Figure 5. Derivation of the AD contribution to the NIR
filters. Total average fluxes are plotted as black circles,
host subtracted BRrz fluxes as blue squares. The power
law fit between BRrz host subtracted fluxes F ∼ να with
α = 0.34± 0.06 is plotted as a solid black line, fit error with
dashed grey lines and JHK interpolated values as open
squares, the values for the AD fluxes are labeled. Additional
photometry from the NED (https://ned.ipac.caltech.edu/) is
plotted in the background as grey open diamonds.
reveals that the AD spectrum continues towards the NIR
with the same power-law slope as measured at optical
wavelengths. Adopting that this holds also for 3C 273,
we take the AD contribution to the NIR bands from the
power law fit with values as labeled at the open squares
in Figure 5 and listed in Table 2. The AD contribu-
tion to the total NIR fluxes is J ∼ 50%, H ∼ 30%, and
K ∼ 15%.
3.2.3. Dust light curves
We derived the dust light curves from the observed
JHK light curves (Fig. 1) by subtraction of both the
JHK host galaxy contribution (Tab. 2) and a suitably
scaled light curve of the AD. For this AD light curve we
used the flux-scaled host-subtracted V−band light curve
LC(V ). The scaling factor, SF , was determined from
the power-law AD extrapolation, e.g. in the J−band
with values from Table 2: SF (J) = FAD(J)/FAD(V ) =
15.57/21.34. This yields at the JHK bands, respec-
tively,
LC(dust) = LC(total)− F (host)− SF × LC(V )
The resulting dust light curves are shown in Figure 6.
Compared to the observed NIR light curves in Fig. 1 we
find the following changes:
• In K the shape of the light curve is similar, but
the amplitude increases from about 12% to about
20%.
• In H the decrease between 2015 and 2016 be-
comes more pronounced and the amplitude in-
creases from about 15% to about 30%.
• In J the shape of the light curve changed; the in-
crease between 2015 and 2016 reverses now to a
decrease, similar to what is seen in the H and K
bands. The amplitude increases from about 10%
to about 40%.
To summarize, compared to the observed NIR light
curves, the dust light curves show more coherent varia-
tions and stronger amplitudes.
3.3. Nature of the dust variability
Now we examine the variability properties of the pure
dust emission in the NIR, after subtraction of the host
and AD contribution. Figure 7 shows the flux-flux di-
agrams for the JHK filter pairs. For all pairs (J/H ,
J/K, H/K) the variations are correlated. This adds
confidence that the creation of the dust light curves from
the observed NIR light curves by means of subtraction
of the host and AD contribution is sound.
The thick red lines in Figure 7 mark the range of color
temperatures between the bright and faint states, calcu-
lated for Planckian curves in the rest frame of 3C273.
We make the reasonable assumption that the dust grains
are at a mix of temperatures. Then the shorter wave-
length filters are more sensitive to the hotter dust grains.
This explains the range of measured color tempera-
tures between 1200K and 1800K. This range is con-
sistent with expected dust temperatures. For compari-
son, the sublimation temperatures Tsub of graphite dust
grains are estimated to be 1500−1900K (Barvainis 1987;
Kishimoto et al. 2007).
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Figure 6. Normalized JHK ”pure dust” light curves, after
subtraction of host galaxy and AD contribution.
For all filter pairs, the color temperatures change by
about 5% (i.e. a factor 1.05) between the bright and
faint states. For Planckian curves the luminosity is pro-
portional to the 4th power of the temperature (L ∝ T 4).
With this assumption4 the amplitude of the dust lumi-
nosity is then 1.054−1 = 0.2, i.e. 20%. The amplitude of
the V−band light curve, i.e. amplitude of the triggering
variations from the AD, is about 25% (Fig. 11). Thus
the amplitude of the dust luminosity is a bit smaller
than that of the triggering variations from the AD. This
is consistent with simple expectations that the echo am-
plitude does not exceed the amplitude of the driving
signal.
The amplitudes are about (60 − 50)/55 = 0.18 in K,
(19− 14)/16.5 = 0.3 in H , and (7.75− 5.25)/6.5 = 0.39
in J . With decreasing wavelength, the amplitudes of
the dust light curves increase and exceed the amplitude
of the driving signal. As explanation for the different
JHK amplitudes we suggest that the filters measure
the dust emission on the Wien tail of the Planck func-
tion. The sensitivity to temperature changes increases
toward shorter wavelengths. This is illustrated in Fig-
4 This assumption holds for dust grains with diameter a larger
than the wavelength λ. For smaller grains the dust emissivity
properties come into play, yielding up to L ∝ T 6 for emissivity
exponent β = 2, see e.g. Kruegel (2003).
ure 8. While a priori the echo amplitude is not expected
to exceed the amplitude of the driving signal, we here
encounter the case of an amplitude amplification which
we call Wien tail amplitude amplification. Because of
this amplitude amplification, even in K the amplitude
of 0.18 may be an overestimate of the echo amplitude of
the luminosity; this may become relevant for the light
curve modeling in Section 4.
In the following we will use the dust light curves as
derived in JHK from the observed NIR light curves by
means of subtraction of the host and AD contribution
and adopt that the variations are essentially caused by
a change of the mean dust temperatures.
3.4. Cross correlation analysis
We determined the time lag of the dust variations
(echo) against the AD variations (driving signal) by dif-
ferent methods and by direct inspection of the time-
shifted lightcurves. For the AD we use the combina-
tion of the host subtracted V -band light curve from
Xiong et al. (2017), Zhang et al. (2019) and the one in
this work.
The cross correlation functions (CCF) yield the aver-
age flux-weighted time lag (Koratkar & Gaskell 1991b;
Penston 1991). Our dust light curves are rather sparse.
Therefore, we apply the discrete correlation function
(DCF) by Edelson & Krolik (1988), which has been de-
signed for sparse and unevenly sampled light curves.
We also applied the Z-transformed DCF (ZDCF) which
is known to provide more conservative, larger error
estimates (Alexander 1997). We also applied the
interpolated cross-correlation (ICCF), introduced by
Gaskell & Sparke (1986). Its application has proven to
work well, if the light curves are well sampled, as is
the case at least for the V -band light curve. Addition-
ally we use the von Neumann mean-square estimator
for reverberation mapping data (VNRM) introduced by
Chelouche et al. (2017).
The DCF and ICCF centroids are calculated where the
correlation value r is r > 0.8∗rmax. For the VNRM, the
lag corresponds to the minimum of the VNRM estima-
tor and for the ZDCF to the maximal likelihood. The
estimation of the lag uncertainty in the DCF, ICCF and
VNRM is calculated via the flux randomisation/random
subset selection method (FR/RSS) by Peterson et al.
(1998), here applied to 2000 modified light curves. In
case of the ZDCF error estimation, the default parame-
ters were used.
3.4.1. Time lag of the dust emission
Figure 9 shows the DCF together with the ICCF for
the three filter combinations V/J (top) V/H (middle)
and V/K (bottom), the ICCF is shifted up by 0.5. The
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Figure 7. Flux-flux diagrams for JH (left), JK (middle) and HK (right)-bands (where the AD and host contribution has
been subtracted). Red lines show the faint and bright state, labeled with the corresponding blackbody temperature in the rest
frame.
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Figure 8. Illustration of the Wien tail amplification when
measuring the variability of dust emission. The temperature
T varies by 5%, raising from 1600 K to 1680 K. Then the dust
luminosity L, integrated over the Planckian curves varies by
21%. However, a measurement in the NIR filters at the Wien
tail of the Planckian yields larger variabilities, which increase
with decreasing wavelength from 23% at K to 39% at J
(calculated in the rest frame for z=0.158).
DCFs in Figure 9 show two prominent peaks at ∼ 500d
and ∼ 850d for the three filters. Also the lag range be-
tween 1300-1500d shows a correlation value larger than
0.5 (noisy for H-band), the long lag peak at ∼ 1400d
is also present in the ICCF for the three filters. For J
and H , the ICCF does not show the two main peaks
(at ∼ 500 d and ∼ 850d), rather they are smooth to-
gether, which points out the problem of the interpola-
tion when one of the light curves (trigger or echo) has
long gaps. Our J and H light curves are poorly sampled
and one observation season (2017, see Figure 6) with a
pronounced turn-up of the K-band light curve is miss-
ing in J and H . For the K-band, the peak at ∼ 850d
essentially disappears (in the ICCF). Figure 19 in Ap-
pendix A presents all the CCF obtain with the different
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Figure 9. DCF (circles+pointed lines) and ICCF (red
pointed+solid lines) between V and JHK dust light curves
for our NIR observing campaing. The ICCF is shifted up by
0.5. The filter combinations are V/J (top), V/H (middle)
and V/K (bottom).
methods for the three filters, showing that all methods
are consistent with each other.
Since our NIR campaign is only 1500d long, we are
not able to confirm/reject lags on this long time scale.
In order to check whether the long time lags are real (∼
800 d and ∼ 1500d present in the CCF in Figure 9), we
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make use of the 30 years long light curves collected by
Soldi et al. (2008). We subtract the AD contribution in
JHK, using the V-band light curve minus host (6% of
the average V band flux, Bentz et al. (2013),Table 12)
and Fν ∝ ν
0.34 (as for the OCA data, see Fig. 5), and
compute the DCF, ICCF, ZDCF and VNRM between
the dust light curves and the V -band light curve. The
results for the DCF and ICCF are shown in Figure 10,
where the ICCF is shifted up by 0.5. All filters show a
maximal correlation value of ∼ 0.5 located between 300
and 700 d. None of these correlations shows any evi-
dence favouring the long delays at about 800 and 1400d
(see also Figure 19 in Appendix A for all the CCF in the
three filters). We found an average time delay for JHK
in the observer frame using the DCF τ = 600 ± 60 d,
ICCF τ = 550 ± 50 d, ZDCF τ = 510 ± 120d and
VNRM τ = 520±30d. The lag values are slightly larger
than the one reported in their study (τobs ∼ 420± 84 d.;
τrest ∼ 365± 73 d.). However, their shorter lags can be
explained by the contribution of the AD autocorrela-
tion. This contribution is wavelength dependent and
shifts the cross correlation values to smaller lags. The
CCF shapes and the time delays found for Soldi et al.
(2008) data leads us to conclude, that for our OCA cam-
paign, the lag has to be searched between 200 and 800
days.
The time lags found for our NIR observing campaign
are listed in Table 3. For all three filters JHK, the
time lags obtained via the DCF are consistent with each
other within the errors. For the ICCF, the J and H lag
values show very large errors, hence are less trustable.
Even worse, the two main correlation peaks (at 500 d
and 850 d) are merged together (see Figure 9), a fact
which could be explained by the interpolation of the J
and H light curves across the gap between 2016 and
2018. For the K-band correlation the ICCF lag (420 d)
is smaller compared to the DCF (∼ 510d) and ZDCF
(∼ 550d.) but agrees with the VNRM (∼ 410d). For
the best sampled dust light curve, K-band, the V/K
correlation lies between 400 and 550 days taking all the
CCF methods, with an average delay of ∼ 475 days.
The light curves show clear variation patterns, allow-
ing us to check visually via back-shifting whether the
different lag estimates appear consistent with the data.
Figure 11 shows the overlay of the AD and the back-
shifted dust light curves, with a back-shift of 400d. In
fact, the variation patterns match well but a spread
or tolerance of ∼ 100 d for the back-shift should be
adopted. A visually determined lag of 400 ± 100d is
consistent with the broad cross correlation function and
the time lag calculations from Table 3.
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Figure 10. Same as Figure 9 but for Soldi et al. (2008) V
and NIR light curves (after AD subtracion).
Figure 11. Normalized JHK dust light curves back-shifted
by 400 d and superimposed on the V−band light curve. The
dust light curves basically match the V−band variation fea-
tures, apart from the large dust amplitudes in H and J
(caused by the Wien tail amplitude amplification, Sect. 3.3).
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Table 3. Observer’s frame time delay in days between V
and JHK dust light curves from our campaign and from
Soldi et al. (2008), after subtraction of the AD contribution.
Method V/J V/H V/K V/K (Soldi+08)
DCFcen 532
+22
−25 506
+33
−45 513
+12
−13 594
+61
−69
ICCFcen 549
+209
−135 769
+8
−219 420
+36
−20 506
+48
−49
ZDCF 327+209
−14 462
+75
−14 554
+7
−170 516± 128
VNRM 503+120
−195 564
+120
−120 409
+41
−80 519
+54
−41
Average 477+140
−90 575
+59
−100 474
+24
−70 534
+62
−61
The rest wavelengths of JHK are 1.08, 1.42 and
1.86µm. The data do not indicate a significant trend
of a lag shortening with decreasing wavelength (only
in case of the ZDCF, but with large errors specially in
J), as has sometimes been reported, e.g. Tomita et al.
(2006). Thus, our data of 3C273 are in line with the
relative wavelength independence of NIR lags reported
by Oknyansky et al. (2015), which they attribute to a
specific geometry for the dust.
In our data the K-band lag is more reliable than the
J and H band lags due to a better time sampling, and
likewise in Soldi et al. (2008) the uncertainty of the AD
subtraction is larger in J and H than in K. Therefore,
for both data sets we adopt the K-band lag as the opti-
mal time lag for the hot dust. Table 3 lists the K-band
lag in days obtained with the different methods for the
Soldi et al. light curves (fourth column). The lags for
this work are in general shorter, only the ZDCF shows a
slightly longer lag in the OCA campaign, but its error is
high. We take as final delay for the hot dust the average
time lag in K from the four CCF methods, because the
results are consistent with each other within the errors.
Table 3 shows that for this work we obtain a K-delay of
τK,obs = 474
+24
−70 d, which in the rest-frame corresponds
to τK,rest = 409
+21
−61 d. The average lag of the OCA ob-
servation is about 10% shorter than that found for the
Soldi et al. (2008) data. Our shorter delays may be ex-
plained by the fact that the 3C 273 luminosity during
the OCA campaign is about 28% lower than during the
30 years before.5
3.4.2. Possible asymmetry of the cross correlation
In the limit of infinite sampling, the CCF between the
driving signal and its echo is equivalent to the convolu-
tion of the transfer function (TF) with the autocorre-
5 The host subtracted V -band flux for this work is ADOCA =
Ftotal - Fhost ∼ 21.3mJy (Table 2). For Soldi et al. it is about
27.5mJy, obtained from Ftotal =29-30mJy (their Table 1) and
subtracting 6% host contribution (Bentz et al. (2013),Table 12).
Then the flux ratio is ADSoldi+2008 / ADOCA ∼ 1.28.
lation function (ACF) of the driving signal. Thus, the
CCF may reveal higher order moments, e.g. asymme-
tries, of the transfer function.
Figure 12 shows the DCF, ICFF, ZDCF and VNRM
estimator between V and K light curves within the time
range of interest, until 800 days. All CCF show a broad
correlation between 200 and 600 days. The DCF ex-
hibit an interesting asymmetry: a peak at around 500-
550 d with a steep decline towards longer delays and a
broad shoulder to shorter delays down to about 250 d.
On the other hand, the ICCF does not show a peak
at 500–550d, but at ∼ 400 days and the correlation is
more symmetric. The ZDCF and VNRM estimator show
broader correlations but also a steep decline between ∼
550 d and ∼ 600 d.
We also inspected the CCF shape using the best sam-
pled part of the Soldi et al. (2008) light curves between
January 1984 and December 1994 with a median V and
NIR sampling of around 7 and 22 days, respectively.
The computed CCF are shown in Figure 13. For all
the CCF methods, the cross correlations show a similar
asymmetric shape. The DCF and ICCF show a peak
at about 700 d, a steep decline to longer lags reaching
the zero level at about 900 d and a shallow tail reaching
the zero level at about 200 d; this shallow tail even re-
veals mildly a secondary peak at about 350d. In case of
the VNRM estimator the asymmetry and the secondary
peak are also present, but their are located at shorter
lags, at around 200d and 500d respectevely. We come
back to this asymmetric CCF shape in Section 4.
Finally we mention that there exists some differences
in the CCF shapes when using all observation data of
Soldi et al. (2008) (30 years) and when using a part of
these observations (11 years). These CCF differences
may point to the presence of anomalous responses of
the echo to the continuum variations as reported by
Gaskell et al. (2019) for the Hβ BLR of the Seyfert-1
NGC 5548 and a sample of other AGN including the
PG quasars. As discussed by Gaskell et al. (2019) such
anomalies best show up when inspecting the light curves,
and they could be caused by, e.g., anisotropic continuum
emission or absorbing clouds. Nevertheless, here for the
dust reverberation of 3C273, we are not going further
into these details.
3.5. Dust Covering Factor
The UV to NIR SED allows us to estimate the cov-
ering factor (CF ) of the hot dust. If the dust grains
completely re-emit the absorbed UV radiation in the
infrared, then the covering factor is defined as CF =
Ω/4pi = LIR/LUV, where LIR is the total IR luminosity
of the dust and LUV the total UV luminosity from the
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Figure 12. From left to right: DCF, ICCF, ZDCF and VNRM estimator between V and K light curves. The zero correlation
for DCF, ICCF and ZDCF is marked as an horizontal line.
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Figure 13. Same as Figure 12 for the V and K light curves in Soldi et al. (2008), observations taken between years 1984-1994
due to a better sampling.
AD. CF can be approximated by the peak luminosities
(Landt et al. 2011):
CF = 0.4×
νKLK
νUVLUV
For 3C273 we obtain CF ∼ 0.08. This agrees with
the findings of Landt et al. (2011) for a sample of 23
type-1 AGN, where CF ∼ 0.01− 0.6 with an average of
< CF >= 0.07± 0.02.
A small CF suggests that the NIR dust emission orig-
inates in a small angular range seen by the AD. For a
thin ring at 40◦ < θ < 45◦ with θ measured against
the equatorial plane, the dust covering fraction is about
CF = 0.06. We elaborate on this issue in Section 4.
4. BOWL-SHAPED GEOMETRY
Kishimoto et al. (2011) performed K−band interfero-
metric measurements of 3C273. Modeling the visibility
with a thin dust ring, they found an angular size of
0.81 ± 0.34pc (933 ± 392 ld for the cosmology adopted
here). Recently, the GRAVITY Collaboration et al.
(2019) found a similar angular size of 0.28 ± 0.03mas
which – adopting a Gaussian FWHM – corresponds to
a dust radius size of 0.567± 0.106pc = 675± 126 ld and
translates to ring radius of about 900 ld. On the other
hand, with RM technique we here obtain an average rest
frame time lag of ∼ 410 d. This is a factor two lower
than expected, if both methods see the same dust emis-
sion and if the dust were located in the equatorial plane
of the AGN.
Interferometry measures the projected size of the NIR
emitting dust as seen from the observer and does not
take into account the vertical structure of the dust. If
the NIR emitting dust is not located in the equatorial
plane but closer to the observer than the AD, then re-
verberation mapping will produce a fore-shortening ef-
fect, i.e. yield about 2-3 times shorter time lags, as
has been discussed in Pozo Nun˜ez et al. (2014) (see their
Figure.6) and in Oknyansky et al. (2015) (see their Fig-
ures.2 and 3). In this section, we explore how far the dif-
ference between the interferometric values and our RM
value can be explained by a special geometry of the dust
emitting zone.
We here consider a paraboloidal bowl geometry, fol-
lowing Goad et al. (2012). The height H of the bowl
rim is H ∝ R2x, with Rx being the radius in the
equatorial plane. First, we adopt a half-opening angle
θ = 45◦ statistically justified by the fraction of type-1
to type-2 AGN (Huchra & Burg 1992; Barthel 1989),
and an inclination i = 12◦ based on the orientation of
the radio jet axis against the line of sight to the ob-
server (Lobanov & Zensus 2001; Savolainen et al. 2006;
Jorstad et al. 2017).
Figure 14 (left) shows such a bowl geometry with an
equatorial radius of Rx = 900 ld, as the reported inter-
ferometric dust ring radius. A face-on bowl is plotted
as a thick black line and a bowl with i = 12◦ is plot-
ted as thick blue lines. Since the dust covering fraction
CF found in Section 3.5 is very low, we assume a small
area where the dust emission occurs. As proposed by
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Figure 14. Left: Cuts through a bowl geometry with Rx = 900 d. The face-on cut is plotted with a thick black line and a
cut with an inclination i = 12◦ with a thick blue line. The dust emission seen in the NIR is assumed to originate exclusively
at the bowl edge marked with thick red line segments. The iso-delay contours are marked with thin black lines and labeled
with the corresponding time lags. In Section 5.1 we discuss this geometry compared with a similar one shown in Figure 2 of
Oknyansky et al. (2015). Right: Transfer function (TF) for a bowl model with Rx = 900 ld, i = 12
◦ and 40◦ < θ < 45◦. Black
= TF in the rest frame, green = TF shifted to the observers frame, blue = rest TF convolved with a triangle kernel of 300 d
base-line, red = convolved TF shifted to the observers frame. In Section 4.1 we compare this TF with those shown in Figure 4
of Kawaguchi & Mori (2011).
Goad et al. (2012), it is located on the edge of the bowl-
shaped dust torus, between 40◦ < θ < 45◦ and marked
with thick red lines (with θ being measured against the
equatorial plane). The iso-delay contours are marked
with thin black lines and labeled with the correspond-
ing time lags.
Note that the complete model is actually a bi-conical
bowl model but that in this model, the observer only
sees the front side of the bowl; the back side below the
equatorial plane is hidden (i.e. highly absorbed).
4.1. Transfer function for the bowl-shaped geometry
We calculated the transfer functions (TF) for differ-
ent bowl sizes with an inclination angle of 12◦ and an
emission range of the dust rim of 40◦ < θ < 45◦.
The TF was calculated as follows: we sampled the
dust rim in 3D space as seen from the observer to a grid
of 1 ld cell size, computed for each cell the lag and calcu-
lated the TF as histogram over the cells. While this TF
is just a geometric approximation and does not account
for clumpy dust structures and possible shadowing of
dust clouds, it allows us to draw basic conclusions.
Figure 14 (right) shows an example of the TF for a
fixed bowl size of 900 ld and a dust emitting region 40◦ <
θ < 45◦. It shows the TF in the rest frame (black) and
redshifted (z = 0.158) to the observer’s frame (green).
The TF shows a pronounced double-horned pro-
file. For comparison of our TF at inclination
12◦ with the more sophisticated TFs calculated by
Kawaguchi & Mori (2011), we refer to their Fig-
ure 4, which shows the similarly double-horned
TF of an optically-thin torus at inclination 25◦.
Kawaguchi & Mori (2011) performed a clumpy torus
calculation and presented a plenty of TF details for dif-
ferent torus sections, e.g. waning effect, shielding of
clumps (optically thickness), and even how much the
observer may see from the torus back side, i.e. from
below the equatorial plane. In our observational paper
here we skip these details and continue the analysis with
the geometric TF shown in Fig. 14.
As mentioned above (Section 3.4), the cross correla-
tion between the driving signal and its echo is equivalent
to the convolution of the TF with the autocorrelation
function (ACF) of the driving signal. In Figure 14, the
convolution of the TF (rest) with a kernel is also shown.
The results are similar for different kernel shapes and
widths, hence quite stable against the details of the ker-
nel. We here used a triangular kernel of 300 d base-
line (in the rest frame) as an approximation, which was
derived from the autocorrelation of the V−band light
curve shown in Zhang et al. (2019), their Figure 4. The
resulting convolved TFconv in the rest frame is plotted
in blue, and in red in the observers frame. The con-
volved TFconv (obs) has a broad peak at about 550 d
and a short-τ tail reaching to about 200 d (Fig. 14,
right). This asymmetric TF matches some of the ob-
served CCFs remarkably well, e.g. the DCF from the
OCA campaign shown in Figure 12 and the DCF, ICCF
and ZDCF from Soldi et al.’s long campaign shown in
Fig. 13.
4.2. Modelling the dust echo light curves
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Figure 15. Echo light curves for different bowl sizes Rx.
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light curve convolved with different TFobs. Red points show
the dust light curve in the K−band. The parameters of the
bowl models are labeled.
We checked the bowl-model further using the light
curves directly. For the driving signal we used the host-
subtracted V−band light curve and to reduce high fre-
quency noise, we smoothed the signal light curve with
a box car function (box size 100d). We convolved the
signal light curve with TFobs, the transfer function in
the observers frame, yielding the modeled echo light
curve. Note that all calculations are made in the ob-
servers frame.
Figure 15 shows modeled echo light curves for some
bowl sizes Rx around the dust interferometric radius,
between 700 and 1100 ld. Each model is plotted as a
colored solid line and labeled in the inset table with the
bowl size Rx, χ
2, and the time lag (found via VNRM
and DCF centroid) between the AD signal and the mod-
eled echo light curves. The echo models yield a large
amplitude comparable to that of the signal light curve.
The best (i.e. smallest) χ2 is reached for Rx = 700d
(Tab. 4). However, for this bowl size the average time
lag τRx=700 ∼ 400 d is shorter than the average observed
τK,obs ∼ 475d (Tab. 3). On the other hand, a bowl size
of Rx = 900 ld yields the best lag agreement between
model and data, while the χ2 values are not optimal.
The χ2 values depend not only on the match of the lags
but also on the match of the amplitudes. Because of
the Wien tail amplification of the NIR dust light curves
(Fig. 8), we suggest that the K−band amplitude is too
large to properly match even the best model.
Even with a relatively poor χ2, the average delays
found for the echo light curves for bowl-sizes Rx =
900± 200 ld agree with the observed delay range found
via CCF techniques (Table 3). The exact determination
Table 4. Summary of different bowl parameters with the
corresponding average time lag τavg (from DCF centroid and
VNRM) and χ2 value of the fit to the K−band data.
Rx [ld] θ [
◦] τavg[days] χ
2
700 40 − 45 390 ± 10 2.26
800 40 − 45 430 ± 15 3.51
900 40 − 45 470 ± 40 4.45
1000 40 − 45 510 ± 60 5.78
1100 40 − 45 540± 100 7.26
of the bowl model parameters requires more data. Nev-
ertheless, the modeling leads us to conclude: If the dust
emission comes from an inclined ring above the equato-
rial plane of the AGN, it produces both a foreshortening
effect and a large amplitude variation of the dust echo
consistent with the observations.
5. DISCUSSION
We found a hot dust lag in the K-band of τrest ∼ 410 d
for the luminous quasar 3C 273, consistent with the lag
τrest ∼ 460 days obtained using Soldi et al.’s 30 years
long light curves (after AD subtraction) and taking into
account that the luminosty during our campaign was
about 25% lower. This dust lag is smaller than the pre-
dicted one of about 1000d from the lag – luminosity
relation with slope α = 0.5 and the interferometry value
of ∼ 900 light days. We here discuss the results and
some implications.
5.1. On the dust geometry
In order to bring the observational constraints into a
consistent picture, we considered a bowl-shaped torus
geometry as proposed by Goad et al. (2012), where the
dust emission originates from the edge of the bowl rim
with a small covering angle 40◦ < θ < 45◦, as justified
by the small CF (θ is measured against the equato-
rial plane). We used an inclination angle of 12◦ indi-
cated from radio jet studies (Lobanov & Zensus 2001;
Savolainen et al. 2006; Jorstad et al. 2017). It is clear
that the exact parameters of the bowl are not uniquely
determined and – in the frame of this observational pa-
per – we have to be restricted to some reasonable cases.
We also did not consider clumpy dust distributions; this
should not affect our results as long as the BLR shields
the bulk of the dust (at 0◦ < θ < 40◦) from heating by
the AD.
For an inclined bowl model the (simple geometric)
transfer function (TF) is double-horned and yields an
asymmetric cross correlation similar to that found in
the data. The convolution of the TF with the host-
subtracted V−band light curve (as proxy for triggering
signal light curve) yields the echo light curve. The mod-
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eled echo light curves for different equatorial sizes Rx
around the interferometry radius (Rx = 900 ± 200 ld)
are in agreement with the observed K−band dust light
curve, with the average time delay and with the CCF
shape.
Oknyansky, Gaskell & Shimanovskaya (2015) pre-
sented in their Figures 2 and 3 a dust-cone geometry,
where the walls of the cone coincide essentially with an
isodelay surface. This “OGS-model” looks quite similar
to that in Figure 14 here which is based on the model
of Goad et al. (2012). The difference between the two
models is that OGS’s dust-cone reaches from the equa-
torial plane up to about θ = 45◦, thus has a much larger
covering angle (> 30◦) seen from the AD than the dust-
gloriole in the “GKR-model” of Goad, Korista & and
Ruff (2012). To bring the covering angle of the dust-cone
into agreement with the small (8%) dust covering frac-
tion (Sect. 3.5), Gaskell et al. (2007) had already pro-
posed a shielding of the dust-wall by, for instance, ran-
domly distributed BLR clouds located between AD and
dust-wall (their Fig. 10). Then, despite a large covering
angle, the intensity of the AD’s radiation field reaching
the dust-wall is reduced by the absorption in the BLR,
and this may lead in the net effect to the calculation of
a small covering factor. We have checked whether the
available data are able to distinguish between the two
models. We calculated the geometric TF for the OGS-
model in the same manner as for the GKR-model. For
i = 12◦ and Rx = 900 ld the TF is also double-horned
and shows – after convolution with a triangle kernel of
300 d baseline – an asymmetric profile, similar to that of
the GKR-model depicted in Figure 14 (right). Because
the two TFs are so similar, the current data will not
allow us to distinguish between the two models. Like-
wise the current interferometry data are too sparse and
uncertain to allow for discriminating between the dust-
gloriole (sharp ring) and the dust-cone (smeared ring
seen in projection). Note that both models yield the
foreshortened lags.
As is sometimes the case, the reality may lie in a syn-
thesis or mixture of the two models. Such a refined
model could be a dust-cone whereby the density of BLR
clouds located between AD and dust-wall decreases with
increasing θ. This results in a shielding of the wall which
is large close to the equatorial plane and decreases to-
wards the cone edge at θ = 45◦. This refined model
can also be described as a gloriole-like cone with a short
wall extension towards the equatorial plane (so that the
covering angle becomes larger than the about 5 degree
wide ring) and some BLR clouds located between AD
and dust-wall producing sufficient extinction (so that
the net resulting dust covering factor remains small). In
the net effect, both model descriptions are equivalent.
While the final answer has to be left to the future, for
simplicity we here will continue with the “dust-gloriole”
model.
Then the important conclusion is that the hot dust
emission of 3C273 comes essentially from a gloriole-like
inclined ring (or the upper part of a cone) located above
the equatorial plane of the AGN.
Commonly the sublimation radius Rsub is estimated
following Barvainis (1987); Koshida et al. (2014) and,
as pointed out by Gaskell et al. (2007), assuming that
all UV photons from the AD reach the dust zone with-
out absorption by BLR gas. If the hot dust is essentially
located at the bowl edge (θ ≈ 45◦), then Rsub, i.e. the 3-
dimensional distance of the dust from the AD, becomes
larger than Rx, namely: Rsub = Rx/cos(θ) ≈ 1.4 ·Rx for
θ ∼ 45◦. This may explain – at least partly – why Rsub
is larger than the interferometric ring size Rring mea-
sured for some sources by Kishimoto et al. (2007) and
Kishimoto et al. (2011). Likewise, with Rτ = c · τ , one
obtains Rτ/Rx = 1/cos(θ)− 1 ≈ 0.4 because of the geo-
metric foreshortening effect of the reverberation signal.
Then Rsub is expected to be about a factor 1.4/0.4 =
3.5 larger than Rτ .
Next we briefly address some alternative models.
Czerny & Hryniewicz (2011) and Czerny et al. (2017)
considered the origin of the BLR and proposed the
Dusty Outflow Model where the dust clouds are radia-
tively accelerated. Likewise, Oknyansky et al. (2015)
proposed that the hot dust emission comes from the
near side of a hollow bi-conical outflow. Moreover,
to explain the changing look AGN like NGC 2617
Oknyansky et al. (2018) proposed that occasionally
swirling hot dust clouds populate even the AGN po-
lar region. For the Seyfert 2 NGC1068, Braatz et al.
(1993) and Cameron et al. (1993) resolved the mid-IR
emission to be aligned with the [OIII] ionization cone,
i.e. perpendicular to the dust torus plane. This is un-
expected within AGN unified model (Antonucci 1993).
Bock et al. (2000) explains this polar dust emission as a
strongly beamed re-emission from the nuclear radiation.
Based on interferometry, Ho¨nig et al. (2013) observed a
polar mid-IR emission also for the Seyfert 1 NGC3738
and they proposed that the polar dust may originate
from a dusty wind which is driven by radiation within
the hot region of the dust torus.
According to the AGN unified scheme the BLR should
lie inside the dust torus. We here check whether the
published BLR lag measurements of 3C 273 are con-
sistent with the rest frame dust lag of τrest ∼ 410 d
and a torus radius Rx ≈ 900 ld. From their seven
years long reverberation campaign Kaspi et al. (2000)
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Figure 16. Balmer and dust lags for 3C 273 at different
epochs: in the “1990s” from K00 = Kaspi et al. (2000),
S08 = Soldi et al. (2008) and in the “2010s” from Z19 =
Zhang et al. (2019) and this work. The plotted lags are ob-
tained with the ICCF method.
reported Balmer line lags τcent against the 5100A˚ con-
tinuum of Hα ∼ 440 d, Hβ ∼ 330d, Hγ ∼ 265d (their
Table 6, here converted to rest frame lags).
These lags are consistent with the lags for Hβ, Hγ ∼
260 d (rest frame) reported by Zhang et al. (2019); for
compatibility we consider here the lag values without
detrending (listed in their Table 7).
Figure 16 presents the rest frame lags in days for Hγ,
Hβ, Hα and NIR K-band for the monitor campaings
in the “1990s” (Kaspi et al. 2000; Soldi et al. 2008) and
in the “2010s” (Zhang et al. (2019) and this work). In
the “1990s” the dust lag is longer than the BLR lags,
consistent with the unified scheme.
However, the difference between dust lag and BLR
lags is small, in particular for Hα. This may be ex-
plained – at least partly – in the bowl model by the
foreshortening effect. While the dust lag suffers from a
strong foreshortening effect, the foreshortening of the
BLR echo depends on how much above the equato-
rial plane the BLR clouds are located inside the bowl
(Fig. 14, left). The similarity of the Hα lag with the
dust lag suggests that Hα emitting gas lies close to the
dust emitting bowl rim, in front of the rim as seen from
the AD. We come back to that interesting possibility
in Sect. 5.2. Alternatively, one would have to take the
much smaller BLR lags derived after a detrending (of
the optical continuum light curves), e.g. τHβ ∼ 150 d
(Zhang et al. 2019). We note that the dust lags essen-
tially remain unchanged, if a detrending is applied, as
we checked with several tests. A detailed investigation
of these issues will be presented in a forthcoming paper.
Finally we note a direct consequence of the dust
torus geometry for cosmological applications. For
the nearby Sy-1 NGC4151 Ho¨nig et al. (2014) cal-
culated a dust-parallax distance, based on dust RM
data and interferometric size measurements. Likewise
the GRAVITY Collaboration et al. (2019) tried that for
three AGN (Mrk 335, Mrk 509 and NGC3783), however
with an extreme scatter. If the bowl model is true, then
the lags should be converted to real Rx, taking also into
account the inclination of the bowl.6 Im principle, par-
allax distances could be derived for 3C 273 as well, but
we think that the uncertainty of the current data is by
far too large for allowing a reliable angular distance cal-
culation.
5.2. On the lag–luminosity relation
Figure 17 (top) shows the lag–luminosity diagram for
two different NIR dust RM data sets, one from our OCA
campaigns and one from the MAGNUM observations
(Koshida et al. 2014; Minezaki et al. 2019), henceforth
denoted with K14 and M19.
The analysed and published dust RM observations
from OCA are on four sources (PGC50427, WPVS48,
3C 120, and 3C 273). All lags refer to τcent. WPVS48
was observed during two independent campaigns in 2013
and 2014 yielding – within the errors – the same lags
(Pozo Nun˜ez et al. 2014; Figaredo 2018); here we take
the average lag. Our dust reverberation campaign of
3C 120 took place in 2014 – 2015, one year after the
factor 3 brightness outburst in 2013 which lasted until
2016 (Ramolla et al. 2015, 2018). Within the short time
span between the begin of the outburst and our rever-
beration campaign, the dust geometry might not have
changed significantly and any large size changes are un-
likely. Therefore, we corrected the luminosity measured
in 2014 – 2015 down by factor 3 to match the luminosity
before the outburst. Table 5 lists the rest frame lags and
luminosities used. A linear fit to the four sources (blue
data points in Fig. 17, top) yields a slope α = 0.33±0.01
for the lag–luminosity relation. For comparison, the
black dashed line marks a slope with α = 0.5, which
is widely adopted (Barvainis 1987; Koshida et al. 2014;
Yoshii et al. 2014; Minezaki et al. 2019).
Fig. 17 shows also the MAGNUM dust reverberation
data from K14 and M19 as red squares and stars, re-
spectively. These lags were derived using the JAVELIN
software (Zu et al. 2011); while JAVELIN lags are basi-
cally similar to other CCF lags, we do not know whether
6 For a bowl model at fixed Rx and θ range, the dust lag strongly
increases with inclination, e.g. for i = 0◦ and i = 45◦ the (simple
geometric) TFs yield τ45◦ ∼ 2×τ0◦ , because the TF is dominated
by that side of the bowl, which is tilted away from the observer.
This questions a widely made assumption (Ho¨nig et al. 2014):
“For reverberation mapping, however, inclination only broadens
or smooths the time lag signal symmetrically around the mean
without a significant shift in τ .” Nevertheless, NGC4151 lies at
i ∼ 45◦, so that in the bowl model Rx ∼ τ45◦ and the derived
parallax distance should be correct.
Dust Reverberation Mapping of 3C 273 17
a bias could be present and therefore we here consider
the MAGNUM lags separately from the OCA lags. The
MAGNUM sample comprises 41 sources, 17 sources from
K14 and 24 sources from M19, making it the largest
homogeneously obtained dust RM set. All data are re-
analysed by M19; we used the observed lags from their
Table 3 column 3 (labeled αOIR = 1/3, the optical –
NIR power-law index of the AD) and their Table 6, and
corrected the observed lags for time dilation 1/(1 + z).
Strikingly, a linear fit to these MAGNUM data (all red
points) yields a slope α = 0.34 ± 0.03. In Figure 17
are also shown the residuals (data/fit); bottom: left for
slope 0.5, right for slope 0.34. Fitting all MAGNUM and
OCA sources together yields a slope α = 0.339± 0.024.
A fit excluding the three sources with log(L) > 45 erg/s
yields α = 0.338± 0.030. Thus, the slope is not biased
by a few luminous sources.7
When observing in a fixed NIR band, the rest-
frame wavelength of the observed dust emission be-
comes shorter at larger redshifts. In an attempt to ac-
count for this, Minezaki et al. (2019) derived a sophisti-
cated wavelength-dependent correction for the lags, by
multiplying with a redshift term τcorr = (1 + z)
1.18.
These wavelength-dependent corrected rest frame lags
are listed in their Table 3 column 6. In the lag–
luminosity diagram (Fig. 18) the lags become larger than
without that correction (Fig. 17). The correction shifts
the luminous sources more upwards, because they are
typically at higher redshift (up to z = 0.6) than the
low luminosity sources. We applied the correction also
to our OCA data, shown with blue colors in Fig. 18.
The fitted slope of 0.33 ± 0.01 remains about the same
as without correction, because all OCA sources are at
small redshift (z < 0.158). We fitted the corresponding
lag–luminosity relation for the different data sets, yield-
ing slopes of 0.39 ± 0.045 (for K14 only), 0.37 ± 0.050
(for M19 only), 0.40± 0.027 (for the combined K14 and
M19 data), and 0.38 ± 0.028 (for the combined OCA
and MAGNUM data). These slopes are steeper than
without the wavelength-dependent correction, but sig-
7 In their paper on the C IV λ1549 lag-luminosity relation,
Koratkar & Gaskell (1991a) noticed the exceptional position of
3C 273 with respect to a slope α = 0.5 (see their Fig. 1). In
that paper, 3C 273 was the only source at the luminous end of
the relation. A simple check on the reliability of a relation is to
remove the four extremes, each one at the top, bottom, left and
right of the diagram. Consequently, to bring the position of this
single source into agreement with α = 0.5, they suggested that
the luminosity of 3C 273 is an outlier and could be enhanced by
beaming of continuum associated with the radio source. This
possibility can largely be ruled out here, with the help of the two
additional luminous radio-quiet sources in the sample of M19
(Fig. 17).
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Figure 17. Top: Dust lag versus V−band luminos-
ity of AGN. Blue dots are data from OCA obtained by
our group: PGC50427 (Pozo Nun˜ez et al. 2015), WPVS48
(Pozo Nun˜ez et al. 2014), 3C 120 (Ramolla et al. 2018), and
3C 273 in this work. The luminosity of 3C 120 has been
scaled by a factor 0.33, to account for the brightness out-
burst by a factor 3 in 2013 – 2015. The red data points
are from (Koshida et al. 2014) and (Minezaki et al. 2019),
whereby we used the observed lags for power-law AD slope
+1/3 and corrected for the time dilation. The black dashed
line is the τ − L slope with α = 0.5 widely used. The blue
and red lines are fits to the blue and red data points, respec-
tively, both yielding a slope α = 0.34 as labelled. Bottom:
Residuals data / fitted line for α = 0.5 (left) and α = 0.340
(right).
nificantly (at the 3σ level) shallower than the slope 0.5.
At the high luminosity range (logL > 45 erg/s), 3C273
shows a relatively small lag compared to the two other
quasars (PG0953+414, SDSS J0957−0023) but within
the scatter (see residual plot bottom right of Fig. 18).
Minezaki et al. (2019) already noticed the exceptional
position of 3C273 based on the lags by Soldi et al.
(2008) and tentatively attributed it to the radio loud-
ness of 3C273. However, the two other quasars are radio
quiet and a luminosity enhancement by the optical emis-
sion of a radio component does not explain the shallow
slopes.
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Figure 18. Same as Fig. 17 but with rest wavelength cor-
rection of the lag τ by a factor (1+z)1.18 from Minezaki et al.
(2019).
A matter of a debate is the wavelength dependence
of the dust reverberation lag, here considered versus
the optical UBV R bands, most commonly the B− or
V−band. While the J−band is more sensitive to hot-
ter dust than the H− and K−bands, it appears rea-
sonable to expect a mix of hot dust temperatures for
each spatial location (Oknyansky et al. 2015). There
is no doubt that mid-infrared (MIR) lags are longer
than NIR lags, which led to the common interpreta-
tion that the cooler dust emission arises from larger
distance to the central heating source. Several groups
found a longer lag at L (∼ 3.6µm) or M (∼ 4.8µm)
compared to the J− or K−band, e.g. Glass (2004);
Figaredo et al. (2018); Lyu et al. (2019). Based on so-
phisticated modeling of very sparse WISE observations
Lyu et al. (2019) report a lag ratio K : L : M ∼ 0.6 :
1 : 1.2, while Figaredo et al. (2018) find J : K : L :
M ∼ 0.7 : 0.7 : 1.1 : 1.2 for the Seyfert WPVS48
employing the combination of ground based J,K and
Spitzer− IRAC1/2 monitoring, Notably, neither Glass
(2004) nor Figaredo et al. (2018) found significant dif-
ferences in the lags between rest frame 1 and 2µm;
typically any NIR lag differences are less than 5% of
the optical-NIR lag and not significant at the 3σ level.
Table 5. OCA dust RM sample.
Object z τK,rest [days] log(LV ) [erg/s]
PGC50427 0.024 46.2 ± 2.6 43.0 ± 0.12
WPVS48 0.037 68± 5 43.40 ± 0.10
3C 120 0.033 95± 6 43.84∗ ± 0.19
3C 273 0.158 410± 40 45.82 ± 0.15
∗ brightness reduced by factor 3 to get the pre-outburst
luminosity
The same holds for several other AGN with dust lags
jointly determined in JK. Therefore, we believe that
the wavelength-dependent lag correction applied by M19
should be adopted with care. In any case, both the
OCA and MAGNUM data indicate a shallow slope be-
tween 0.33 and 0.4. This questions the widely adopted
lag–luminosity slope of 0.5.
The red data points show a large scatter around the
fitted lag–luminosity relation (red line in Fig. 17). In the
frame of the bowl model this could – at least partly –
be understood as an effect of the inclination: If the dust
emission originates in general from the edge of the bowl
rim and if the AGN have different inclinations, then the
TFs show a spread in shapes and asymmetries. For large
inclination, the TF becomes dominated by that side of
the bowl, which is tilted away from the observer (Fig-
ure 14,left). This will shift the measured lags to larger
values between optical and NIR light curves. In parallel,
for large inclination (i > 20◦) , one may expect that the
observer’s line-of-sight to the central AD crosses more
absorbing material so that the luminosity may be re-
duced, compared to inclination i = 0◦ (face-on view).
Together, in the lag–luminosity plot, the source will shift
up and left from the actual relation, inevitably leading
to a scatter in the observed lag–luminosity data points.
To reduced the scatter, it would be desirable to obtain
via bowl modeling of the data a relation between Rx and
L, provided the data are of sufficient quality. We sug-
gest that the scatter in such a size–luminosity relation
may be reduced. This is essential for cosmological appli-
cations like quasar distance estimates (Kobayashi et al.
1998; Oknyanskij 1999; Yoshii 2002; Yoshii et al. 2014;
Ho¨nig 2014; Minezaki et al. 2019).
In search for possible explanations for a shallow R-
L slope, one possibibilty could be that luminosity-
dependent internal extinction plays a role. Gaskell et al.
(2004) derived the reddening curve for AGN. From the
examined data sets they also found that, on average, low
luminosity AGN (logLopt ∼ 44 erg/s) are redder and
suffer from larger extinction (AV ∼ 2.5mag) than high
luminosity AGN (logLopt ∼ 46 erg/s), see their Figure 5.
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Then in the R-L relation an intrinsic slope α = 0.5 could
be tilted to a shallower slope like the one we have ob-
served here. While this is an elegant straight forward
explanation, it is worth to have a closer look. If the ex-
tinction of Seyfert-1 nuclei is as large as AV ∼ 2.5mag
and occurs in a screen between the BLR and the ob-
server, then one would expect to see its signature also
in the Balmer line decrement. With a few individual
exceptions, however, the flux ratio, RBalm, of the broad
Hβ and Hα lines of both quasars and Seyfert-1s lies in
the typical range about RBalm ∼ 3, so that screen ex-
tinction of AV ∼ 2.5mag in Seyfert-1s may be unlikely,
hence rejecting simply screen extinction. Then the case
of mixed extinction remains, where the absorbing dust
has to be mixed with the BLR emitting gas, and the
extinction affects essentially the background emission,
which in our case is the continuum emission from the
AD. For mixed extinction – likewise as in the presence
of scattering material (Kru¨gel 2009) – the amount of
extinction is mostly underestimated, because the dust–
gas mixture is considered only to small optical depths
(τopt < 1, here not to confuse with the lag τ). Then this
surface treatment of the Balmer line decrement mimicks
a smaller than real extinction. However, in case of such
strong mixed extinction, the Balmer lags are expected
to be similar to the hot dust lags, contrary to the lags
observed for Seyfert-AGN so far. Another check of a
high nuclear extinction in Seyfert-1s may be offered by
the Flux Variation Gradients (like the ones shown in
Fig. 4). They measure the continuum slope at wave-
lengths around the blue bump but so far do not show
any luminosity dependence (Winkler et al. 1992). Fu-
ture studies are needed to clarify these issues.
Finally we address two more possible lines for explain-
ing the shallow lag–luminosity slope between 0.33 and
0.4.
1) Stro¨mgren-behaviour: We consider the case that
the lag–luminosity relation implies a relation between
luminosity and the sublimation radius Rsub = f · c · τ ∝
Lα where slope α = 1/3 (and c is the speed of light and
f is a scaling factor). The relation with slope α = 1/3 is
strikingly reminiscent to the well known size–luminosity
relation for H II regions, where RH II ∝ L
1/3 (Stro¨mgren
1939; McCullough 2000). The analogy between Rsub
and RH II is as follows:
For H II regions the Stro¨mgren radius RH II describes
up to which distance from the ionising star the radia-
tion field is strong enough to ionize, e.g. the hydrogen
atoms. Beyond RH II the radiation field is too weak so
that the atoms “survive” unaffected. The reason for the
slope α = 1/3 for the Stro¨mgren relation is that inter-
jacent material inside RH II absorbs the radiation from
the ionising star.
For the dust in AGN we deal with the sublimation
radius Rsub. Inside of Rsub the AGN radiation field
is sufficiently strong, so that the dust grains evaporate
(in analogy to become ionized). Outside of Rsub the
radiation field is too weak so that the dust grains can
survive. So far, the assumption was made that the (dust
heating UV) photons of the AD travel all the way until
Rsub without being absorbed by interjacent material.
This led to the widely adopted relation Rsub ∝ L
1/2.
However, if sufficient absorbing material lies between
the AD and the dust grains, then Rsub becomes smaller,
and this will lead to a shallower slope α < 1/2. Then the
slope 0.34 < α < 0.4 found in Figs. 17 and 18 implies
that there is in fact plenty of absorbing material between
the AD and the dust grains. This means for the bowl
model considered here, that even the line between the
AD and the bowl edge at θ ∼ 45◦ crosses a significant
amount of absorbing material. The large Hα lag / dust
lag mentioned in Sect. 5.1 may hint to such material.
2) Geometric effects of a bowl mirror: We assume
a bowl model with fixed half opening angle 45◦ irre-
spective of the AD luminosity. Clearly, both the bowl
rim and material inside the bowl act in the net effect
like a reflecting mirror for the photons from the AD.
The photons are scattered by electrons and dust grains.
In addition, reprocessed continuum emission may play
a role; for instance Chelouche et al. (2019) found evi-
dence of a non-disk optical continuum emission around
AGN, which likely comes from the inner wall of the BLR.
Thus, the observer sees – in addition to the AD flux
FAD – also a contribution Fbowl from scattered or re-
processed photons. This leads to an amplification of
the original AD brightness. The relative amplification
Ampl = Fbowl/FAD may be small (a few percent) but it
is worth to consider how far it is luminosity dependent.
We make the assumption that the bowl opening angle
and the geometric covering angle for intercepting AD
photons is luminosity independent. Then the effect of
the bowl rim on Ampl might be scale-invariant. How-
ever, the volume inside the bowl increases proportional
to R3x. If the density of scattering or reprocessing parti-
cles inside the bowl is independent of the AD luminos-
ity, then one may expect that Fbowl ∝ R
3
x. This yields
Ampl ∝ R3x. Assuming for simplicity Rx ∝ L
1/2 we get
Ampl ∝ L3/2. In other words, in the net effect the actual
luminosity of the AD may be overestimated by a factor
which scales with L3/2. Then in the lag–luminosity rela-
tion the data points will be shifted to large L values, so
that the resulting slope becomes shallower than α = 0.5.
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A detailed quantitative consideration of the potential
Stro¨mgren-like behaviour of AGN and the geometric ef-
fects of a bowl mirror will be presented in a future paper.
6. SUMMARY AND CONCLUSIONS
We performed a 5 years reverberation mapping cam-
paign of 3C273 in the optical (BV rz) and NIR (JHK)
bands at the Bochum University Observatory near Cerro
Armazones (OCA). The optical light curves were sup-
plemented by longer and denser sampled V−band light
curves from Zhang et al. (2019). The results are:
1. To obtain the pure dust light curves, the contri-
bution of host galaxy and accretion disk to the
NIR bands had to be removed. The resulting dust
light curves show consistently correlated variations
in all three NIR bands, giving confidence that the
procedure worked well to remove the contribution
of host galaxy and accretion disk.
2. For all three filter pairs (J/H , J/K, H/K) the
color temperatures change by about 5% (i.e. a
factor 1.05) between the bright and faint states.
On the other hand, the amplitudes of the dust light
curves increase with decreasing wavelength from
0.2 at K to 0.4 in J . Because the filters measure
the dust emission on the Wien tail of the Planck
function, the brightness changes are expected to
become larger at shorter wavelengths; they may
exceed the amplitude of the triggering signal light
curve. This altogether consistently indicates that
the variations of the dust emission are likely due
to (mean) temperature changes of the dust grains
in the order of 5%.
3. We derived the dust covering factor CF from the
optical/UV and NIR luminosities, yielding small
values CF ∼ 8%, consistent with the results CF ∼
7% for other type-1 AGN by Landt et al. (2011).
4. We determined the time lag τ of the dust light
curves against the V -light curve trough different
CCF methods and found an average time lag of
τK,rest ∼ 410d. Some correlation methods reveal
an interesting asymmetry, which is consistent with
the transfer function of a tilted dust geometry.
5. We re-analysed the data of Soldi et al. (2008) and
compared the dust time lag and CCF asymmetries
during our observing campaign and theirs.
6. The average time lag of τrest ∼ 410 d is a factor of
∼ 2 smaller than expected from the interferometric
ring radius of ∼ 900 ld. Interferometry measures
the projected size as seen by the observer, while
RM measures the 3-dimensional light travel time
difference in the system. We suggest that the dif-
ference between interferometric size and RM lags
can be explained by 3D geometrical effects, in par-
ticular the foreshortening effect from which the re-
verberation data suffer.
7. To bring the observational findings into a consis-
tent picture, we considered a bowl shaped torus ge-
ometry as proposed by Goad et al. (2012), where
the dust emission originates from the edge of the
bowl rim with a small covering angle 40◦ < θ <
45◦, as justified by the small CF . We used an
inclination angle of 12◦ indicated from radio jet
studies (Lobanov & Zensus 2001; Savolainen et al.
2006; Jorstad et al. 2017). For such a model with
an equatorial size Rx ∼ 900 ld the (simple geo-
metric) transfer function (TF) is double-horned
and yields an asymmetric cross correlation similar
to that found from the data. We have convolved
different TFs for a bowl geometry with the host-
subtracted V−band light curve and showed the
corresponding echo light curves. For an equatorial
size Rx ∼ 900 ± 200 ld, the echo light curve de-
lays are in agreement with the delays found in our
data, and the modeled cross correlations show an
asymmetry similar to that observed in the CCF.
The main conclusion from our study is that the
hot dust emission seen in the NIR originates from
a tilted (i = 12◦) thin ring which lies above the
equatorial plane.
8. The relation between dust lag and optical lumi-
nosity shows a large scatter. To reduce the scat-
ter for future cosmological applications, it may be
desirable to obtain Rx via modeling of the data
(provided they are of sufficient quality) and check
for a relation between Rx and L.
9. We find for the lag–luminosity relation a rather
shallow slope between 0.33 and 0.4. This rejects
the widely adopted slope 0.5 at the 3-sigma level.
We envisage three possible explanations for the
shallow slope:
1) Gaskell et al. (2004) found that the internal ex-
tinction in AGN increases with decreasing AGN
luminosity by AV ∼ 2.5mag between quasars and
Seyferts. If the internal extinction in AGN is in
fact so high and shows such a strong luminosity
dependence, then the slope may be tilted from 0.5
to about 0.33.
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2) AGN have a similar behaviour as H II regions
where the size of the ionized region RH II ∝ L
1/3.
If a substantial amount of absorbing material lies
between the AD and the dust grains, this allows
for a shortened dust sublimation radius. If the
material density is L-invariant, the relative short-
ening increases with the path length between AD
and dust. The path length (bowl size) depends
on L. Then, in the lag–luminosity diagram, the
relative reduction of the lag increases with L.
3) The observer measures an AD luminosity L
which is magnified by scattered and reprocessed
radiation from material in the bowl, and the rel-
ative contribution of this magnification of L in-
creases with the volume of the bowl and therefore
also with L. Then, in the lag–luminosity diagram,
the relative overestimation of L increases with L.
While these findings apply to the single case of the lumi-
nous quasar 3C273, future detailed studies on a larger
quasar sample should be envisaged to corroborate the
conclusions.
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APPENDIX
A. DIFFERENT CROSS CORRELATION FUNCTIONS
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Figure 19. DCF, ICCF, ZDCF and VNRM between V and JHK light curves for this work and Soldi et al. (2008).
